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Abstract 
Based on a validated stochastic model for the prediction of buildings occupants’ actions on window openings, we simulate the 
resulting indoor air humidity of a hypothetical occupied zone in an office building. For different scenarios relative to the 
insulation of the building envelope, coupled with explicit in-built probabilistic terms in the behavioural model to account for 
occupants’ diversity, we assess the risk of moisture induced damages on the critical locations of the building envelope. 
These results confirm the central influence of occupants’ ventilation related behaviour on the development of mould or 
condensation on weakly insulated envelopes. Furthermore, based on the probabilistic properties of the behavioural model, this
method provides a probability to observe moisture induced damages and an identification of critical behavioural patterns. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
Keywords: Behavioural modelling; Indoor humidity; Moisture; Mould growth; Windows; Stochastic model 
1. Introduction
1.1. Building occupants and their impact on building energy demand 
The issue of the impact of occupant behaviour on building energy demand has attracted an increasing level of 
interest in recent years. Indeed field survey monitoring of heating or electricity consumption have pointed out that 
the energy performance of identical buildings is generally estimated to vary by a factor of two [1], which may be 
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attributed to the differences in behaviour between building occupants. In this the variations of air change rates,
which are mainly caused by occupant behaviour in naturally ventilated buildings, are of central importance [2]. 
In order to account for the impact of occupants’ interactions with the components of the building envelope which 
determine building energy flows, deterministic and stochastic models were developed to predict interactions with 
window openings [3,4] and shading devices [5,6]. The research recently published has led to strong improvements in 
stochastic models predicting occupant behaviour [7]. The results are also promising in the domain of the integration 
of behavioural patterns into dynamic building simulation programs [8-11]. However, this research domain still 
displays numerous open questions [12] that are being investigated by the research community. 
1.2. Indoor air humidity and occupant behaviour: a central issue in ancient buildings and refurbishment projects 
On the other hand, the issue of the impact of occupant behaviour on the occurrence of moisture induced damages 
is largely encountered in practice, but has been relatively little researched. This type of problem has been gaining a
greater importance in European countries as a consequence of the increased pace in the thermal refurbishment of the 
existing building stock. The case of ancient buildings which are sufficiently ventilated by air infiltration through old 
windows, and encounter too high indoor air humidity due to increased airtightness after replacing windows is 
common in cold climates. If such a building is not equipped with a mechanical ventilation system, the evacuation of 
excess humidity then mostly relies upon occupant window opening behaviour. This may cause the growth of mould 
on poorly insulated surfaces or thermal bridges [13], as well as further risks within the construction in the case of 
interior insulation [14]. To prevent this issue, national construction standards give simultaneous requirements on 
thermal insulation and air humidity (eg. [15]). But are the occupants able to maintain an appropriate indoor air 
humidity based on the mere operation of windows? Which are the behavioural patterns that influence this result? The 
purpose of this study is to investigate these questions using a probabilistic simulation of occupant use of windows.  
To address this question, the integration of realistic behavioural profiles within building simulation tools coupled 
with moisture simulation offers a promising approach. To the knowledge of the author, the only published study on 
the probabilistic assessment of indoor humidity and its integration into building simulation was performed by 
Sadovský et al. [16]. However, the probabilistic terms of this study do not explicitly include the impact of occupant 
behaviour and its induced ventilation rates, which is the focus of the present research. 
The present article presents a methodology to predict the risk of occurrence of moisture induced damages to the 
building envelope through the integration of a probabilistic model of window opening by building occupants 
(Section 2). The obtained simulations allow for a determination of air flow and indoor surface humidity, which can 
then be integrated in the assessment of mould growth risk (Sections 3 and 4).  
Nomenclature 
bk Regression parameter for random effects in a mixed effects model 
CD Discharge coefficient (-) 
hsi Indoor convective heat transfer coefficient (W/m2K)
Mg Moisture generation rate (kg/s) 
O Time-dependant occupant presence (binary variable) 
Qaa Airflow rate between indoor and outdoor air (m3/s) 
Qao Airflow rate between indoor adjacent spaces (m3/s) 
U Overall heat transfer coefficient (W/m2K)
V Room air volume (m3) 
Wr Room air moisture content (kg/kg) 
Wra Adjacent indoor room air moisture content (kg/kg) 
Wro Outdoor air moisture content (kg/kg) 
βk Regression parameter for fixed effects in a mixed effects model 
θin Indoor air temperature (°C)  
θsi Internal surface temperature of the external wall (°C)  
θout Outdoor air temperature (°C) 
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ρa Indoor air density (kg/m3) 
φin Indoor air relative humidity (%) 
φsi Internal surface relative humidity of the external wall (%) 
φout Outdoor air relative humidity (%) 
2. Methodology and case study
2.1. The case study 
The design of this study focuses on the influence of occupants’ behavioural patterns regarding window use and 
its impact on the resulting indoor humidity conditions, particularly in the neighbourhood of building envelope 
surfaces. As such we consider a relatively simple ‘shoebox’ configuration of a hypothetical office building space,
which has a net area of 15.75 m2 and a volume of 44.10 m3. The design reference year climate data of Basel, 
Switzerland (47°34’N, 7°36’E, elevation 260 m, annual average temperature 10.5°C) are used as input for the 
simulations. This office space is used by a single occupant, whose presence is modelled using real occupancy data 
(total 748 hours/year) monitored from the LESO-PB experimental building at EPFL (Lausanne, Switzerland), with 
usual office work schedules including observed within day absences. The casual humidity gains Mg induced by the 
presence of the occupant are assumed to be 80 g/(h∙pers). The façade is composed of a masonry structure with 
external insulation of varying thickness depending on the investigated scenarios.  
2.2. Behavioural models and scenarios 
The prediction of the actions on the office window (height 90 cm, width 70 cm) of this hypothetical office space 
is performed using the stationary model of Haldi and Robinson [17] which is based on a Bernoulli process, using its 
generalized linear mixed model formulation [18], which offers a validated approach [19]. For each time step of the 
simulation, the probability to observe a window open is determined by the logistic model  
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where β0 = 1.10, βin = -0.187, βout = 0.195 are fixed effects obtained by regression, and b0, bin, bout are random 
effects which account for the differences between occupants. With this formulation, the random vector b = (b0, bin,
bout) is distributed as a centered multinomial normal distribution which statistically describes the inter-individual 
behavioural variations [18]. Stochastic processes related to actions on appliances, lighting and shading devices are 
not considered in this study, as they do not impact air renewal which is determinant for indoor humidity prediction.
2.3. Simulation models 
The simulations are performed on periods of a year based on a time step of 5 minutes. A finite difference method 
based on the humidity balance of the space is applied at each time step to evaluate the moisture content and its time 
evolution, according to the general guidelines of EN ISO 13791 [20]. The following moisture production and 
transport sources are considered: air exchange between indoor and outdoor air, air exchange between adjacent 
indoor spaces and indoor moisture generation by the occupant. Assuming that a perfect and instantaneous mixing 
takes place, the indoor moisture content evolves as:  
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The temperature of the indoor and adjacent spaces is set to the standard value of EN ISO 13788, Annex A [21], 
which varies between 20°C and 25°C on the basis of a linear relationship with outdoor temperature. The relative 
humidity of the adjacent space (between 35% and 65%) is also defined using the same normative convention. If the 
window is predicted by the stochastic model (Section 2.2) to be open, the air flow rate between indoors and outdoors 
Qao is calculated based on the buoyancy phenomena of a single-sided ventilation process with a standard discharge 
coefficient Cd = 0.61. The air flow between the local and indoor adjacent spaces Qaa is assumed constant (20 m3/h). 
A detailed combined heat, air and moisture simulation is not conducted here as its scope would lie beyond the 
purpose of this research work. The absorption and desorption phenomena are also not considered here, which 
restricts this study to the specific situation of locals with a low moisture regulating impact of the building fabric.  
2.4. Parameters studied and post-processes 
The simulations are repeated 10 times for each of 27 individual behavioural profiles [18], for different thermal 
insulation properties of the façade, with a U-value ranging from 0.40 to 1.20 W/m2K and hsi set to 4.0 W/m2K. For 
each case, based on the simulated values of the air moisture content Wr and the indoor superficial temperature θsi,
the distribution of indoor air humidity in the neighbourhood of the interior surface φsi and the proportion of time 
with φsi > 80% are calculated and used as a simplified metric to assess the risk of mould growth [22]. A special
attention is given to the observed variability between simulation replicates, in order to study the distribution of 
outcomes arising from random variations in behaviour, rather than relying on deceptive single values. 
Fig. 1. (a) Monthly distribution of the superficial relative humidity φsi for U=0.4 W/m2K and an average behavioural profile; (b) Probability to 
observe more than 10 consecutive hours with superficial humidity above 80% vs. U-value, for an average behavioural profile.  
3. Results
An example of output from a single simulation is given in Fig. 1a: for each time step of the simulation, φin and θsi
are predicted. From these variables, the relative humidity φsi in the neighbourhood of the surface is directly deduced; 
the monthly distribution of this variable is graphically summarised in Fig. 1a for an average behavioural profile. A 
more detailed examination of the simulated values displays important variations of outcomes for particular periods 
of the cold season, which are determinant for the occurrence of extreme values and thus for the assessment of mould 
growth on building surfaces.   
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The frequency of values of φsi above 80% display important variations between individual profiles, but also 
between simulation replicates for the same occupant (Fig. 2a). As expected, the annual time above this critical value 
strongly increases with the U-value (Fig. 1b), with a large dispersion between individual behaviours. This result 
reproduces the observed variability of the occurrence of moisture induced damages.
In the specific case of U = 0.4 W/m2K, a detailed analysis shows that for a third of the simulated occupants 
values of φsi above 80% are never reached; conversely this value may be trepassed for more than 120 hours for 
specific behavioural patterns (Fig 2a). It also appears that similar air flow rates over a year may induce large 
variations in the annual time with φsi > 80% (Fig. 2b), which illustrates the added value of detailed models for 
occupant behaviour.  
These results offer a straightforward probabilistic prediction of the risk of excess humidity on the building 
envelope. The observed variations between simulation replicates are in line with the largely different outcomes 
observed in practice among similar buildings and zones. The presented approach can also be extended to the 
evaluation of thermal bridges, and directly provides the necessary input for detailed risk assessments from 
comprehensive mould growth models [13,22-24].  
4. Discussion and conclusion
In principle, the presented methodology allows for the prediction of the occurrence of moisture induced damages
to the building envelope at the design stage, which is of particular interest in the context of building refurbishment 
projects. This approach is of particular interest for the assessment of the robustness of a refurbishment strategy 
towards the influence of occupant behaviour, and to determine whether a mechanical ventilation or humidity 
regulation is needed, together with its dimensioning variables. The scope of sensitivity analyses, which are generally 
limited to standard scenarios for indoor and outdoor climates, is thus strongly extended with this approach offering 
probabilistic outcomes to moisture simulations (as in Fig. 2a). 
Fig. 2. (a) Box plot of simulated annual time with superficial humidity above 80%, for each behavioural profile; (b) Simulated annual time with 
superficial humidity above 80% vs. annual air flow through the window opening (a different colour is attributed to each behavioural profile), for 
a U-value of 0.4 W/m2K. 
The physical modelling approach used in this study should be developed to include other moisture related 
phenomena such as absorption and desorption for porous building materials. The probabilistic models for predicting 
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occupant behaviour could also be further developed to integrate the stochastic prediction of occupancy and 
activities, which have an important impact on humidity production. The proposed behavioural model can be directly 
integrated into more detailed modelling software, including the complete coupling of heat, air and moisture 
processes. On the other hand, it provides detailed input data for comprehensive mould growth models [24], which 
can in turn provide probabilistic assessments of mould growth risk. 
It is also of interest to examine further case studies, particularly for other building uses such as residential 
environments or locals with intermittent heating and occupation. The presented methodology can however be 
directly applied to such cases, as the stochastic model for window operation [17,18] was also validated for the 
prediction of behaviours within residential environments [19].  
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